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We investigated whether cones are the only photosensitive process mediating the photopic pupillary light reﬂex. New analyses were
performed on previously published recordings, focusing on those evoked by the onset of photopically equated short- and long-wave-
length stimuli. Comparisons between responses revealed contraction diﬀerences that slowly grew to a peak and gradually declined.
The late contraction was associated with short wavelengths and appeared mostly at the higher stimulus intensities. We conclude that
cones are not the only photoreception process mediating the photopic ON-reﬂex and infer that melanopsin is another. Melanopsin con-
tributes to the steady-state pupil size in daylight illumination.
 2008 Elsevier Ltd. All rights reserved.
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When the eye is exposed to new light levels, the pupil
constricts transiently and then settles toward a steady-state
diameter. Historically, early investigators agreed that the
transient pupillary contractions were mediated by rods
and by cones in night- and day-illumination, respectively
(Alpern & Campbell, 1962; Bouma, 1965). But they dis-
agreed about the rod’s contribution to the photopic
steady-state pupil. The steady-state pupil was found to be
insensitive to the direction from which light struck the
retina (Bouma, 1965; Spring & Stiles, 1948) and the direc-
tional insensitivity persisted at illuminations above rod-
saturating levels (Bouma, 1965). These ﬁndings implied
either that rods did not ordinarily saturate or that there
existed a directionally insensitive photopic photoreceptor
which had yet to be discovered.
Recently, a new photoreception process was discov-
ered in the vertebrate retina (e.g., Foster & Hankin,
2002). The basis for the new process is a light-sensitive0042-6989/$ - see front matter  2008 Elsevier Ltd. All rights reserved.
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L.chiba-u.ac.jp (E. Kimura).pigment melanopsin that is embedded in a minority class
of retinal ganglion cells. Light shone on such ganglion
cells produced membrane depolarization and spike dis-
charges, even in the absence of rod or cone inputs. This
photoreception system operated predominately at light
levels well above photopic threshold and was presumably
insensitive to the direction from which light struck the
retina. Its action spectrum is close (but not identical)
to that of rods.
Melanopsin photoreception has been implicated in pri-
mate and human retinal processing (Brainard et al., 2001;
Dacey et al., 2005; Hankins & Lucas, 2002; Hannibal
et al., 2004; Provencio et al., 2000; Thapan, Arendt, &
Skene, 2001). In primates, melanopsin photoreception is
associated with giant retinal ganglion cells that apparently
also receive input from both the rod and cone pathways.
Electrophysiological recordings show that these ganglion
cells are strongly activated by rods and cones and displayed
a rare S-OFF, (L + M)-ON type of color-opponent recep-
tive ﬁeld (Dacey et al., 2005).
Two lines of evidence suggested that melanopsin-associ-
ated ganglion cells contribute to the pupillary light reﬂex in
primates (Gamlin et al., 2007). First, the pupillary light
reﬂex was shown to persist after all rod and cone signals
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implying that the pupil was driven by a non-cone, non-
rod photoreception process. Second, the action spectrum
for the pupillary contractions closely matched the absorp-
tion spectrum of melanopsin.
Evidence also suggested that melanopsin contributes to
the pupillary light reﬂex in humans. Gamlin and colleagues
developed a novel method of study based on the relatively
faster temporal characteristics of the rod- and cone-in com-
parison to the melanopsin-generated retinal ganglion cell
activities (Dacey et al., 2005). When bright lights are turned
oﬀ, the rod- and cone-generated activities dissipate rapidly,
thereby creating a period in darkness when only the slowly
dissipating melanopsin-associated activity would remain.
That this occurs was evidenced by the presence of a
sustained pupillary contraction with an action spectrum
that closely matched that of the melanopsin absorption
spectrum (Fig. 4 in Gamlin et al., 2007).
The objective of the present study was to provide both
an independent test of the hypothesis that melanopsin con-
tributes to the human pupil and an alternative method of
assessing its contribution. We propose to examine the
eﬀects of melanopsin photoreception on the pupil in
response to the light onset. The light-onset method was
inspired by an observation made earlier in rabbits (Knapp,
1985). Recording the pupillary light reﬂex in rabbit eyesFig. 1. Time-averaged waveforms of a rabbit’s pupillary light reﬂex under nor
mm is represented by a downward deﬂection. Upper and lower response wa
Pupillary responses in the APB condition exhibited two contractions. The ﬁrst
late contraction) typically appeared after a 3-s latency. Figure was adapted fro
colored red and blue, respectively, in the web version of this paper.that were treated with APB, Knapp observed the emer-
gence of a long-latency contraction (Fig. 1, gray curves in
the printed article, red curves in the web version). At the
time, the mechanism underlying the late contraction was
unknown but it now seems plausible that it originated from
the melanopsin pathway. Knapp’s observation suggested
that the onset of light could generate a melanopsin-induced
eﬀect on the pupil and that the eﬀect could be diﬀerentiated
from those of rods and cones by its very late time-to-peak.
The study of late contractions in the human pupillary
light reﬂex, however, could be complicated by task-related
pupillary eﬀects. Task-related eﬀects are common in situa-
tions where an observer is instructed to prepare for or to
execute a motor response (Richer & Beatty, 1985). The
anticipated task-related eﬀects in our pupillary recordings
would be associated with instructions such as to always ﬁx-
ate prior to the stimulus presentation or to refrain from
blinking until after the trial is completed. Task-related
eﬀects are particularly obvious in studies using a
repeated-measure design. The eﬀects begin prior to the
stimulus onset or are present in the recordings made with
no stimulus or near threshold stimuli (e.g., Young, Kim-
ura, & Delucia, 1995). The eﬀects are manifested as slow
‘‘drifts” in the pupil diameter. An upward drift (pupil
widening) could obscure the presence of a slow contrac-
tion. A downward drift (pupil narrowing) could mimicmal (black) and APB-treatment (gray) conditions. Pupillary contraction in
veforms were evoked by stimulus of 5- and 15-s durations, respectively.
began near or at the same time as the normal contraction. The second (i.e.,
m Knapp (1985). Gray and black lines in this and subsequent ﬁgures are
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downward drift occurred in anticipation of the stimulus
oﬀset. Similarly, near (accommodative) contractions of
the pupil could mimic a late contraction. Such drifts in
the pupil diameter are confounding eﬀects that must be
also dealt with in order to detect melanopsin-generated
pupillary reactions.
2. Methods
2.1. Pupil recordings
The data used in the present analyses were previously collected and
published (Kimura & Young, 1995, 1999). The original studies followed
the tenets of the Declaration of Helsinki, were approved by the Texas Tech
University Health Sciences Center Institutional Review Board, and were
undertaken with the understanding and written consent of each subject.
The stimuli used in the studies were similar to those used to elicit melanop-
sin-generated responses from the primate retina (Dacey et al., 2005). Spe-
ciﬁcally, the stimuli were presented as incremental steps (6-s in duration)
rather than as ﬂashes. The stimulus wavelengths spanned the spectral
range for both melanopsin and cones. The intensity levels reached 100
times the human (perceptual) photopic thresholds and were either near
or above retinal ganglion cell thresholds for melanopsin photoreception
in primates (Dacey et al., 2005).
The stimulus was a 30 monochromatic ﬁeld presented on a steady
background of the same dimension. The subjects observed the stimulus
monocularly in Maxwellian view while an infrared video camera recorded
the consensual pupillary reﬂex from the fellow eye. To minimize possible
pupillary eﬀects associated with accommodative changes, subjects ﬁxated
on cross-hairs during the recording period. The cross-hairs were placed
optically at inﬁnity. The recordings were performed on several back-
ground ﬁeld conditions, labeled in the present paper as white, green, and
red. The white background was 2.43 log photopic td (2.96 log scotopic
td). The green background was 2.62 log photopic td (3.50 log scotopic
td). The red background was 4.08 log photopic td (2.76 log scotopic td).
The green background was composed of wavelengths near 500 nm (half-
bandwidth less than 5-nm). The red background was near 640 nm (half-
bandwidth of 87-nm).
The response waveform for each stimulus was the average of 30
repeated measures that were collected in a pseudo-random order among
other stimulus conditions. The standard error of the mean waveform
was about 0.069, ranging from 0.045 to 0.098 in diﬀerent subjects.
The standard error values cited were calculated for the ﬁrst time-bin
of the response waveform. To provide a representative value for each
subject, we averaged the subjects’ standard errors across all stimulus
conditions.
2.2. Analyses
We assessed the contributions from melanopsin by examining the
pupillary response diﬀerences to two stimulus wavelengths (Table 1). In
the melanopsin (+) condition, the stimulus wavelengths were selected nearTable 1
Stimulus pairs used for investigating melanopsin contribution to the pupillary
Conditions Stimulus pairsa Expectation
Melanopsin (+) 470-nm vs 570-nm Greater contractions to the short wave
470-nm vs 590-nm
Melanopsin () 480-nm vs 490-nm Similar response diﬀerences as in Mela
than those produced by chance, if no470-nm vs 490-nm
490-nm vs 510-nm
a Stimulus pairs were equated for photopic eﬀectiveness on the pupil. The s
original study. See text for details.the peak and tail end of the melanopsin absorption spectrum (Fig. 4f in
Dacey et al., 2005). Such stimuli should generally produce a large diﬀer-
ence in melanopsin photon absorption and, thus, a diﬀerence in response
amplitude. To remove the contributions of cones as a factor, the intensity
of the two stimuli were equated for photopic pupillary eﬀectiveness. The
method for equating the stimuli used an iterative procedure that searched
through the list of diﬀerent wavelength-intensity recordings and selected
those with identical or near identical ON-transient contraction ampli-
tudes. The rationale for the ON-transient criterion stemmed from the
empirical ﬁnding that the ON-transient amplitude is solely cone-mediated
under the present adapting conditions (Kimura & Young, 1995, 1999). In
cases where satisfactory photopic-equivalence could not be found (subjects
J, Z, R and V), two intensity levels were chosen. One was slightly lower
and the other slightly higher than the best available match. In eﬀect, the
method ‘‘interpolated” an equivalent condition. The characteristics of
the stimuli are described in Table 2. Their intensity relative to the percep-
tual photopic thresholds and the melanopsin photon-catch ratios were
calculated after the analyses had been completed.
The melanopsin () condition provided a control for confounding
eﬀects arising from the method of analysis. The stimulus pairs were
designed to produce little, if any, response diﬀerence when the pupil was
mediated by melanopsin or by cones. The stimulus wavelengths were both
near the peak of the melanopsin absorption spectrum so when equated for
photopic eﬀectiveness, the two stimuli approximated isomeric matches. In
the present analysis, the speciﬁc choices of stimulus wavelengths were lim-
ited to those that were 10- to 20-nm apart.
To statistically compare the eﬀects of the melanopsin (+) and () con-
ditions, each of the nine subjects was treated as an independent source of
information. For subjects (N & R) who participated in two experiments,
their two results were averaged.
3. Results
The present analysis concerned (n = 9) data acquired by
the same investigator and on the same apparatus using sim-
ilar methods (Figs. 2 and 3). The response waveforms illus-
trate the original data. Bar graphs illustrate the response
diﬀerences examined in the present study to address the ques-
tionwhether the photopically equated short- and long-wave-
length stimuli produced identical responses. Diﬀerencing the
responses also provided a method for removing the slow
pupillary drifts from consideration. Whenever practical,
the stimulus ﬂux and the background illuminances were
listed with the recordings. The abbreviation log Q represents
the stimulus ﬂux in log quanta cm2 s1 (Figs. 2 and 3).
The results revealed several points. First, the response
diﬀerences were larger with the high (Fig. 2, bottom row)
as compared to low stimulus intensity (Fig. 2, top row).
While this ﬁnding was illustrated only for the white back-
ground condition, similar ﬁndings were found in all back-
ground conditions. The terms ‘‘high” and ‘‘low” refer tolight reﬂex
length stimulus, if melanopsin contributes to the pupil
nopsin (+), if confounding eﬀects are present. Little or no response diﬀerences other
confounding eﬀects are present
peciﬁc wavelengths chosen depended in part on those available from the
Table 2
Stimulus parameters of photopically equated stimulia
Subject Back-ground Melanopsin (+) Melanopsin ()
Test WL Comp WL Log photon
catch ratio
Test WL Comp WL Log photon
catch ratioLogQ cm2 s1
Rel log thresh
LogQ cm2 s1
Rel log thresh
LogQ cm2 s1
Rel log thresh
LogQ cm2 s1
Rel log thresh
A White 470-nm 570-nm +1.77 — — —
11.33 10.94
1.40 0.80
470-nm 570-nm +1.57 480-nm 490-nm 0.04
11.93 11.74 11.36 11.40
2.00 1.60 1.40 1.60
M White 470-nm 570-nm +0.99 — — —
10.46 10.85 & 11.25
0.80 0.80 & 1.20
470-nm 570-nm +0.99 480-nm 490-nm +0.07
11.26 11.65 11.08 10.81 & 11.21
1.60 1.60 1.40 1.20 & 1.60
J White 470-nm 570-nm +1.57 — — —
10.83 10.64
0.80 0.40
470-nm 570-nm +0.96 480-nm 490-nm +0.22
11.63 11.85 & 12.25 11.97 11.75
1.60 1.60 & 2.00 2.00 2.00
Z Green 470-nm 590-nm +2.24 490-nm 500-nm +0.24
11.81 11.53 & 11.83 11.84 11.65
1.80 1.80 & 2.10 1.00 0.80
A1 Green 470-nm 590-nm +2.53 490-nm 500-nm +0.24
11.58 11.16 11.82 11.48 & 11.78
1.80 1.80 1.50 0.90 & 1.20
N Green 470-nm 590-nm + 2.19 490-nm 500-nm +0.07
11.76 11.68 11.45 11.43
1.60 2.00 1.20 1.20
Red 470-nm 590-nm +0.95 470-nm 490-nm 0.04
10.79 11.95 11.59 11.63
1.20 0.95 2.00 1.40
R Green 470-nm 590-nm +2.10 490-nm 500-nm +0.29
11.49 11.40 & 11.60 11.81 11.57 & 11.77
1.40 1.80 & 2.00 1.35 1.00 & 1.20
Red 470-nm 590-nm +0.49 470-nm 490-nm 0.36
10.23 11.85 10.63 10.99
1.00 0.60 1.40 1.00
Q Red 470-nm 590-nm +0.57 470-nm 490-nm 0.36
10.38 11.92 11.18 11.54
1.00 0.55 1.80 1.80
V Red 470-nm 590-nm +0.89 470-nm 490-nm 0.08
10.58 11.73 & 11.88 10.78 10.76 & 10.96
1.20 1.20 & 1.35 1.60 1.20 & 1.40
a Test WL & Comp WL, abbreviations for test and comparison wavelengths. LogQ cm2 s1, quantum ﬂux of stimuli. Rel log thresh, log stimulus intensity expressed relative to the psychophysical cone threshold. Log photon
catch ratio, logarithm of the ratio of photons captured for two wavelengths.
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Fig. 2. Photopically equated pairs of pupillary responses for low (top row) and high (bottom row) stimulus intensities on a white background. Responses
were evoked either by 470-nm (black or blue curves) or 570-nm (gray or red curves) stimuli. Changes in the pupil diameter were measured relative to the
size at time zero. Diﬀerences between the 470- and 570-nm responses were shown by bar graphs. Positive values indicated greater contraction to the 470-
nm than to the 570-nm stimulus. The stimulus time course is shown by a thick black bar at the top of each panel. The numbers in the legend specify the
background illumination in log scotopic Trolands or the stimulus wavelength in nanometers and intensity in log quanta cm2 s1.
866 R.S.L. Young, E. Kimura / Vision Research 48 (2008) 862–871the relative intensities chosen for each subject. The intensi-
ties could not be made identical for diﬀerent subjects
because of the small selection of photopically equivalent
levels available.
Second, the results showed that the response diﬀer-
ences from the melanopsin () and (+) conditions dif-
fered. Those from the melanopsin () condition were
generally small and did not show any systematic pattern
among subjects (Fig. 4). The latter point can be appreci-
ated by examining the direction of the response diﬀer-
ence, i.e., whether positive or negative, at various time
periods in the response (Fig. 5, bottom row). If the var-
iability in response direction was due solely to chance,
we would expect to ﬁnd, with 96.5% conﬁdence, as few
as 2 and as many as 7 out of the 9 cases would show
the positive (or negative) direction. The pattern of the
results was consistent with chance. Note: The results
shown in Fig. 5 represent the average contraction over
a 1-s time period. The ON-transient was the average
from 0.5-s to 1.5-s post stimulus latency. The ON-sus-
tained was from 5.0-s to 6.0-s, the period just prior to
stimulus oﬀset. The OFF-transient was from 6.5-s to7.5-s. The OFF-sustained was from 9.0-s to 10.0-s, i.e.,
the ﬁnal 1-s period in the recording.
In comparison, the response diﬀerences from the mela-
nopsin (+) condition were relatively large in most subjects
and were in the positive direction (Fig. 5, top row). Com-
paring the results of the melanopsin (+) and melanopsin
() conditions (Fig. 5, top versus bottom row), the diﬀer-
ence between paired-sample means was signiﬁcant for the
ON-sustained (pbonf = 0.0041), OFF-transient (pbonf =
0.0008), and OFF-sustained (pbonf = 0.0240).
Third, the results show that, when large response diﬀer-
ences were found, they appeared to grow slowly over time
reaching a peak, perhaps, 4- to 8-s after the stimulus onset
and then gradually fell (Fig. 2, bottom row and Fig. 3). Our
analysis (Fig. 5, upper panel) lends no support to the
hypothesis that the amplitude diﬀerences were identical
for the ON-sustained, OFF-transient, and OFF-sustained
periods (pbonf = 0.0274 with df = 8 for each pair-wise com-
parison). The diﬀerence between the OFF-transient and
OFF-sustained period was statistically signiﬁcant
(p = 0.0091), suggesting that the contraction in the OFF-
sustained period tended to dissipate. Note: pbonf refers to
Fig. 3. Photopically equated pairs of pupillary responses on green (top row) and red (bottom row) background ﬁelds. Responses were evoked either by
470-nm (black or blue curves) or 590-nm (gray or red curves) wavelengths. Bar graphs show response diﬀerences where positive values indicate the short-
wavelength stimulus produced greater contraction than the long wavelength stimulus.
R.S.L. Young, E. Kimura / Vision Research 48 (2008) 862–871 867the p-value after Bonferroni correction is made for multiple
comparisons. Also, the response diﬀerence over the ON-
transient period averages near zero because we equated
the ON-transient responses.
4. Discussion
We addressed the question whether cones are the sole
photoreceptorsmediating the photopic pupillary light reﬂex.
The main ﬁnding concerns the observation that the 470-nm
stimulus generally produced greater sustained contractions
than those of a photopically equated long wavelength stim-
ulus (Fig. 2, bottom row andFig. 3). If such result was attrib-
utable to confounding eﬀects associated with our method of
analysis, the response diﬀerences in the melanopsin () con-
dition would have exhibited a positive bias similar to that
observed in the melanopsin (+) condition. But our analysis
provided little, if any, supporting evidence (Figs. 4 and 5,
bottom row). Thus, we considered the implications of these
ﬁndings with respect to the following hypotheses.
4.1. ON-sustained contractions and irradiance-coding
hypotheses
The present results showed a signiﬁcant diﬀerence in
the ON-sustained (steady-state) portion of the pupillaryresponse (Fig. 5, top row). Historically, this portion of
the response was believed to be mediated by activity
from an irradiance- (luminance-) coding mechanism
(Alpern & Campbell, 1962). More recently, the ON-sus-
tained contraction was shown to increase systematically
with stimulus intensity, to grow monotonically with
higher stimulus intensities, and to have a broad action
spectrum (Kimura & Young, 1995). But, contrary to
expectation, the shape of the photopic action spectrum
diﬀered from the photopic luminous eﬃciency Vk func-
tion. The spectral peak was biased toward 500 nm (on
a white background), raising questions about whether
the underlying process was mediated by a combination
of mostly M- and S-cones and, perhaps, rods (Kimura
& Young, 1995).
The possibility that rods contribute to the photopic irra-
diance-coding cannot be discounted. But there are good
reasons for believing that rods are neither the sole nor pri-
mary photoreceptors underlying the ON-sustained contrac-
tion. First, the experimental conditions used clearly
favored photopic photoreceptors, as evidenced by the psy-
chophysical spectral sensitivity curves derived in the origi-
nal studies (Fig. 4 in the 1995 and Fig. 1 in the 1999 papers
by Kimura and Young). Second, the latency of the ON-sus-
tained contractions was longer than expected for rod- or
cone-generated responses (Figs. 2 and 3). The expected
Fig. 4. Photopically equated responses from the melanopsin () condition. Each row shows results of diﬀerent backgrounds. Response diﬀerences were
relatively small and the direction of the diﬀerences (positive or negative) appeared random.
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pupillary responses mediated solely by rods (e.g., Stewart
& Young, 1989). The latency for such responses is less than
1-s, leading to the inference that, when the eye is light-
adapted, the latency of suprathreshold rod-generated
responses would be even shorter. Our analysis, however,
showed the latencies for the ON-sustained contractions
generally greater than 1-s (e.g., subjects A, M, R, N, V),
implicating the existence of some process or photorecep-
tion system that exhibits slower kinetics than rods or cones.
Presently, melanopsin is the only known photopic
receptor system that can account for the long latencies
in the pupillary responses. So to pursue the melanopsin
irradiance-coding hypothesis, the present study designed
the following test. If, on the one hand, melanopsin did
not contribute to the pupillary light reﬂex, responses to
the 470-nm and longer wavelength (570- or 590-nm) stim-
uli should be solely cone-mediated and, thus, the response
diﬀerence should be minimal, if not zero, in the melanop-
sin (+) condition. If, on the other hand, melanopsin did
contribute to the light reﬂex, then the contraction to the
470-nm should be greater than that to the longer wave-
length stimuli. The present results lend support to the
latter.Another ﬁnding relevant to the melanopsin irradiance-
coding hypothesis is that the contraction diﬀerence
between short and long wavelength stimuli grew with
higher light levels (Fig. 2). This was consistent with the
ﬁnding that melanopsin has a relatively high threshold
intensity and that the retinal ganglion cell activity gener-
ated by melanopsin was greater at high in comparison to
low photopic intensities (Dacey et al., 2005).
4.2. OFF-transient contractions and the chromaticity-coding
hypothesis
The present results also showed a signiﬁcant diﬀerence
in the OFF-transient portion of the pupillary responses.
Historically, the OFF-transient contraction was attributed
to a ‘‘rate-sensitive” chromatic process (Kohn & Clynes,
1969). Later, others provided evidence that the OFF-tran-
sient contraction on a white background was mediated by a
subtractive interaction between L- and M-cones (Kimura
& Young, 1995, 1996). The OFF-transient contraction on
green or red backgrounds was mediated by a subtractive
interaction involving S-cones (Kimura & Young, 1999).
The existence of chromatic-coding mechanisms suggests
the possibility that the response diﬀerences observed in
Fig. 5. Average response diﬀerences at key 1-s periods in the pupillary response: ON-transient (from 0.5- to 1.5-s poststimulus), ON-sustained (from 5- to
6-s), OFF-transient (from 6.5- to 7.5-s), and OFF-sustained (from 9- to 10-s). Top row: Mean diﬀerences for the melanopsin (+) condition. Bottom row:
Mean diﬀerences for the melanopsin () condition. Sample-paired t-tests compared the mean diﬀerences between the two conditions. The p-values
represent the probabilities that the melanopsin (+) and () eﬀects were identical against the alternative belief that short wavelength stimuli produced
greater pupillary contraction in the melanopsin (+) condition. The actual pbonf values represent the probability after Bonferroni correction was made for
multiple comparisons.
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ferent stimulus wavelengths. This possibility, however,
does not preclude contributions from the melanopsin irra-
diance-coding mechanism. In fact, we infer that the chro-
matic-coding is not the only process active because the
response diﬀerences during the ON-sustained period
(described above) preceded the OFF-transient contraction.
Furthermore, because the response diﬀerences continued
over the durations from the ON-sustained through the
OFF-sustained periods, there is reason to believe that the
process might be temporally sustained rather than tran-
sient. A sustained response would be consistent with the
temporal nature of the melanopsin activity (Dacey et al.,
2005).
4.3. Recent evidence for melanopsin-mediated OFF- as well
as ON-sustained contractions
The OFF-sustained contraction refers to the persistence
of a narrow pupil observed following the oﬀset of a light.
Whether it reﬂects the responses from an underlying ON-
mechanism or those from an underlying OFF-mechanism
has yet to be determined. However, the OFF-sustained
contraction in darkness provided the ﬁrst evidence that
melanopsin contributes to the human pupillary light reﬂex
(Gamlin et al., 2007). The present results conﬁrmed the
presence of an OFF-sustained contraction even when thesubjects viewed the light oﬀset on bright backgrounds. In
the present study, the OFF-sustained contraction persisted
as late as 4-s after the stimulus oﬀset. Its amplitude was lar-
ger for short- in comparison to long-wavelength stimuli, as
would be expected if mediated by melanopsin.
Recent evidence also suggests that the ON-sustained
contraction is mediated partly by melanopsin. However,
as Gamlin et al. reported for primates, the evidence was
not easy to demonstrate. In order to expose the contribu-
tion of melanopsin, the rod and cone pathways in the ret-
ina had to be pharmacologically blocked (Fig. 2 in Gamlin
et al., 2007). The approach described in the present study
was functionally equivalent (and more suitable for human
experimentation). Instead of applying drugs, we suppressed
the rods and cones by adapting the eye to a background
illumination. The white background desensitized rods and
preferentially desensitized the cone-mediated luminance
channel of the photopic visual pathway (Kimura & Young,
1995). The green and red backgrounds desensitized rods,
M-cones and L-cones (Kimura & Young, 1999). Although
the same background illumination would probably also
adapt the melanopsin photoreception process (Wong,
Dunn, & Berson, 2005), we speculate that because mela-
nopsin’s threshold is relatively high (Dacey et al., 2005),
bright backgrounds might have had a relatively weaker
desensitizing eﬀect on melanopsin as compared to that on
rods and cones.
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ated ON-sustained contraction has a late time-to-peak
(Figs. 2 and 3). This ﬁnding is consistent with the long-
latency observed in the rabbit pupillary light reﬂex
(Fig. 1) and in the electrophysiological activity of giant ret-
inal ganglion cells (Dacey et al., 2005). Gamlin’s primate
results are similar except that the long-latency observed
in rabbits is not seen in the primate ON-sustained
responses. The primate pupils contracted slowly but with
nearly normal latency. The diﬀerence between the rabbit
and monkey pupils could be related to diﬀerences in the
retinal input to the pupillomotor center or in the stimulus
intensity. With regard to the latter, the temporal aspects
of (electrophysiological) melanopsin-generated activity
were found to change systematically with stimulus intensity
(Dacey et al., 2005). Whereas the time-to-peak was about
3-s for a 470-nm stimulus of 14.35 logQ cm2 s1, it
became longer than 10-s when the intensity was decreased
toward 12 logQ cm2 s1. The stimulus intensity used in
Gamlin et al.’s study was about 14 logQ cm2 s1. While
comparable intensities could not be derived from the rabbit
study (Knapp, 1985), the intensity used in the present study
was generally around 11 logQ cm2 s1 (Table 2).
Few, if any, other study has reported on the melanop-
sin-generated pupillary responses in as many human sub-
jects as examined in the present study (Figs. 2 and 3). The
present results suggested noticeable variability among
subjects. Subject N, for example, showed no response dif-
ference under the green background condition (Fig. 3, top
row), although the log photon capture ratio for the stim-
uli was high and the stimulus intensities were more than
39 times higher than the psychophysical photopic thresh-
old (Table 2). Three other subjects tested all showed the
positive contraction diﬀerence using stimuli similar to
those for subject N. While the sources of the individual
variability remain to be investigated, several probable fac-
tors are worth mentioning. In subject N’s case, the back-
ground condition appears to be a factor because when
tested on a red background, subject N’s results showed
the expected response diﬀerence (Fig. 3, bottom row).
Another important factor concerns the stimulus duration.
Knapp (1985) pointed out that late contractions observed
in rabbits were dependent on stimulus duration. In the
present study, it seems likely that the 6-s stimulus might
be marginally suﬃcient to accentuate the presence of a
late contraction. For example, we observed that the 6-s
duration was shorter than the apparent time-to-peak of
8-s observed in some subjects (Fig. 2, bottom row and
Fig. 3), suggesting that a longer stimulus duration might
extend the observed period of contraction and enhance
our ability to detect late contractions.
5. Conclusion
When the present results were considered in the con-
text of past publications, the most parsimonious expla-
nation appears to be that cones are not the onlyphotoreception process mediating the photopic pupillary
reﬂex. We infer that melanopsin is another. Melanopsin
contributes to the steady-state pupil size in daylight illu-
mination. Such conclusion obviates the need to postulate
separate eﬀects occurring during the ON-sustained,
OFF-transient, and OFF-sustained periods. Instead, the
entire set of results can be accounted for by a single
(melanopsin-mediated) process that has a relatively long
time-to-peak and a slow oﬀset recovery. Such interpreta-
tion would be consistent with the properties of the
eﬀects of melanopsin in the primate retina (Dacey
et al., 2005) and those of the primate and human pupil-
lary responses (Gamlin et al., 2007), provided that the
temporal eﬀects produced by diﬀerences in stimulus
intensity are taken into consideration.
The pupillary methods developed to date might be
important to future studies investigating the role that mel-
anopsin plays in the normal and in pathophysiological
visual systems. Gamlin et al.’s light-oﬀ paradigm, for exam-
ple, seems especially advantageous for clinical testing
where speed would be paramount. The stimulus is pre-
sented in a straightforward fashion and the reported pupil-
lary changes are in the order of several millimeters. If the
present light-on paradigm is a viable alternative, smaller
pupillary responses would be expected because the
pupils—always measured against a bright background—
would tend to remain in a relatively constricted state.
The present method, however, would be advantageous to
experimental studies requiring large numbers of repeated
measures because of the relatively lower stimulus intensities
required. The present method also suggests a way of mea-
suring both the ON and OFF aspects of melanopsin’s con-
tribution. In connection with the previous work on the
pupillary correlates of visual acuity (Young & Kennish,
1993; Young et al., 1995), the ability to measure both
ON and OFF responses would create an opportunity for
investigating melanopsin’s contribution to image-forming
as well as non-image-forming pathways of the human visual
pathway.
Lastly, it should be mentioned that the pupillary meth-
ods are not the only means for studying the photic eﬀects
of melanopsin in humans. Other methods had been devel-
oped involving either the electroretinogram (ERG) b-wave
or circadian rhythms (Brainard et al., 2001; Hankins &
Lucas, 2002; Thapan et al., 2001). Those methods, how-
ever, yielded information principally about the neuroendo-
crine regulation of intraretinal or plasma levels of
melatonin. Changes in those response measures, for exam-
ple, appeared hours after the original light exposure. In
contrast, changes in pupillary measures occur within sec-
onds following the change in light stimulation, suggesting
that the pupillary method probably reﬂects a more direct
transfer of photic signals from melanopsin through the
neural reﬂex arc. We therefore believe that knowledge
derived from the pupillary contractions would have greater
relevance to the understanding of the underlying photic
and visual functions.
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